The multifaceted polycomb group gene Yin-Yang1 (Yy1) has been implicated in a variety of transcriptional regulatory roles both as an activator and silencer of gene expression. Here we examine the role of Yy1 during oocyte growth by conditional deletion of the locus in the growing oocyte. Our results indicate that YY1 is required for oocyte maturation and granulosa cell expansion. In mutant oocytes, we observe severely reduced expression of both Gdf9 and Bmp15, suggesting a mechanism underlying the failure of granulosa cell expansion. Consequently, we observe infertility, failure of estrus cycling, and altered reproductive hormone levels in mutant females. Additionally, we find that YY1-deficient oocytes exhibit altered levels of several oocyte-specific factors, including Pou5f1, Figla, Lhx8, Oosp1, and Sohlh2. These results document YY1's involvement in folliculogenesis and ovarian function in the mouse and indicate that YY1 is required specifically in the oocyte for oocyte-granulosa cell communication.
INTRODUCTION
Primordial germ cells (PGCs) are set aside early during female mammalian development and migrate to the genital ridge to colonize the ovary through mitotic divisions [1] . Following a series of events that include follicular nest breakdown and apoptosis of many germ cells, the surviving PGCs enter meiosis and arrest at prophase I as a resting pool of primordial follicles [2] . Female mice reach reproductive maturity between 5 and 7 wk of age when estrus cycles and ovulation begin. With the onset of the cycles, a subset of follicles enters the growing pool through a poorly understood process that involves growth factors of the TGFB superfamily. With each hormone cycle, elevated follicle stimulating hormone (FSH) stimulates a number of these growing follicles to enter antral stages leading to follicular maturation. The importance of signaling between the oocyte and surrounding granulosa cells has become evident in recent years as granulosa cell-specific ablation of particular genes has been shown to block growth and function of the oocyte itself and loss of oocyte-specific factors can result in granulosa cell phenotypes (reviewed in [3] and [4] ).
Specifically, the TGFB superfamily members Gdf9 and Bmp15 have been identified as key regulators of follicle growth, and their expression within the oocyte has been shown to promote granulosa cell proliferation [5] [6] [7] [8] . Gdf9 has also been shown to block expression of Kit-ligand in granulosa cells that, when it is expressed, promotes oocyte survival and growth through activation of Kit [9] [10] [11] [12] . Additionally, activin and inhibin complexes (expressed by granulosa cells at various stages of maturation) have documented roles in promoting or preventing granulosa cell proliferation, respectively, and act as intraovarian signals that regulate folliculogenesis.
In wild-type female mice, hormone signaling between the hypothalamus, pituitary, and ovary regulate the cyclic ovulations that occur over the reproductive portion of an animal's life. Each cycle begins with a gonadotropin releasing hormone (GnRH) independent surge of FSH and luteinizing hormone (LH) from the pituitary. Follicles from the growing pool (only late secondary follicles) within the ovary begin to mature in response to FSH, and as they develop, they secrete estrogen (and some progesterone). Subsequently, a GnRH surge from the hypothalamus results in an LH surge in the pituitary, stimulating ovulation. After ovulation, the corpus lutea (CL) release progesterone and inhibin, which combined with a high level of estrogen, inhibit FSH and LH in order to prevent additional follicle maturation. As the CL degenerate, inhibin, estrogen, and progesterone levels decrease dramatically, releasing the inhibition of the anterior pituitary's output of FSH and LH, beginning the cycle anew (reviewed in [13] [14] [15] ). Following ovulation and fertilization, preimplantation development is marked by epigenetic change in which the fertilized egg transitions into a totipotent conceptus.
Signaling molecules and transcriptional regulators have both been shown to be required for follicle growth, maturation, and ovulation. The Yin-Yang1 (Yy1) polycomb group gene has been implicated in the regulation of TGFB signaling in several adult cell types, and we therefore investigated the role of YY1 in growing and mature oocytes. The polycomb group genes were initially identified in Drosophila and act during development to establish long-term gene expression patterns through epigenetic regulation of target loci [16, 17] . YY1 interacts with a battery of other transcriptional regulatory proteins such as HDACs, CREBBP (p300/CBP), and PRMT1 ( [18, 19] and reviewed in [20] ) and has been shown to act as an activator or repressor at different loci by binding to promoter and enhancer elements [21] [22] [23] [24] [25] [26] . It has been proposed that the underlying transcriptional regulatory mechanism occurs because YY1 can recruit histone deacetylases and acetyltransferases, thereby modifying core histones and modulating the transcriptional state of target loci chromatin [27] [28] [29] . It has also been shown that YY1 interacts directly with members of the polycomb repressive complex [30] [31] [32] , adding repressive chromatin marks to the repertoire of modifications that YY1 may recruit at target loci. A model where YY1 is not simply a transcriptional regulator but rather acts as a sequence-specific binding component of large dynamic complexes could explain the wide array of defects that are observed when YY1 is perturbed either in vitro or in vivo. Since a targeted null allele of Yy1 is peri-implantation lethal [33] , we designed experiments to test the hypothesis that maternal YY1 is required to establish epigenetic marks in the egg that are required for preimplantation development. Here we present an analysis of conditional deletion of Yy1 in the growing oocyte.
MATERIALS AND METHODS

Mice, Breeding, and Genotyping
Yy1 conditional allele generation and genotyping assays were performed as previously described [34] . Zp3-cre transgenic mice were purchased from the Jackson Laboratory (003651; C57BL/6-Tg(Zp3-cre)93Knw/J) and PCR were genotyped as per Jax protocol. Yy1 ) females. Although subviability of Yy1 D/fl animals has been reported on some backgrounds [34] , we recovered Mendelian ratios of all genotypic offspring classes in our crosses. The breeding and experiments were performed with approval of University of Massachusetts IACUC.
Histology, Immunohistochemistry, and Immunofluorescence
Ovaries from control and cKO females were fixed overnight in 4% paraformaldehyde, dehydrated in methanol, and embedded in paraffin for sectioning as described in [35] . Antigen retrieval was performed by boiling slides for 5 min in 10 mM Tris, 1 mM ethylenediaminetetraacetic acid, 0.05% Tween20, pH 10, cooled to room temperature, and washed twice in phosphate-buffered saline (PBS; 11.9 mM phosphates, 137 mM sodium chloride, and 2.7 mM potassium chloride) plus 0.1% Tween 20 (PBT) for 2 min. Slides were then blocked in 0.5% milk/PBT for 2 h at room temperature in a humid chamber. All primary antibodies were applied at 1:100 in 0.05% milk/PBT overnight at 48C in a humid chamber. Three 15-min PBT washes preceded the 1-h secondary antibody incubation at 1:1000 in 0.05% milk/PBT in a humid chamber at room temperature. Slides were washed with PBT twice for 15 min and once in PBS. Nuclei were counterstained with 4 0 ,6-diamidino-2-phenylindole diluted 1:10 000 in PBS (D1306; Molecular Probes) for 2 min and rinsed in PBS. Coverslips for the slides were made with Prolong Gold (P36934; Invitrogen). The primary antibodies were YY1 H414 (sc-1703; Santa Cruz), MSY2 C12 (sc-21316; Santa Cruz), and POU5F1 (19857; Abcam). Images were taken with a Nikon Eclipse TE2000-S inverted fluorescence microscope and QImaging Retiga Exi Fast 1394 camera using NIS-Elements BR Software.
Follicle Staging
Follicles were counted and categorized from five control and five cKO ovaries. All the sections for each ovary were examined and imaged. The follicles were counted using the section in which the diameter of the oocyte was the greatest. To eliminate double counting, once it was scored, each follicle was digitally marked in the images of each sequential section in which it was present. The categories were (1) primary follicles (one layer), (2) secondary follicles (two layers), (3) postsecondary follicles (multiple layers without an antrum), and (4) antral follicles (multiple layers with an antrum). The numbers of follicles of each stage were tallied and converted to percent of total growing oocytes.
In Situ Hybridization
PCR-amplified products for each gene were cloned into pBluescript vector and purified prior to in vitro transcription. Probe synthesis and section in situ hybridization (ISH) was performed as described previously [36] . The primers used for probe synthesis are listed in Table 1 . Following color development with BM Purple, the sections were counterstained with eosin, dehydrated, and mounted in Cytoseal-60. Images were taken with a Nikon Eclipse TE2000-S inverted fluorescence microscope and QImaging Retiga Exi Fast 1394 camera with color filter using NIS-Elements BR software.
RT-PCR and RT Quantitative PCR
Total ovary mRNA was isolated using RNEasy Mini Spin Kit (74106; Qiagen). RNA concentration was measured using a Nanodrop, and cDNA synthesis was performed with 1 lg of RNA per sample in qScript cDNA synthesis buffer (containing both random and oligo dT primers; P/N 84002; Quanta Biosciences) and 1 ll of qScript reverse transcriptase (P/N 84005; Quanta Biosciences). Qualitative PCR assays were performed using 23 RubyTaq mastermix (71190; USB) in 20 ll reactions with 1 ll of ovary cDNA. The primers used are listed in Table 1 . PCR reactions were performed in Bio-Rad MyCycler machines (30 cycles of 948C for 30 sec followed by 608C for 30 sec and 728C for 30 sec). PCR products were run on 1% agarose gels and visualized by ethidium bromide transillumination using GeneSnap imaging software. Quantitative PCR (qPCR) assays were performed using Taqman Gene Expression Assays (listed in Table 2 ) and PerfeCTa qPCR SuperMix, Low ROX (95052-02K; Quanta Biosciences), and run on a Stratagene 3001mx Q-PCR machine using Quanta Biosciences' recommended cycling conditions. Triplicate assays were performed on three control and three cKO ovary cDNAs. The data were normalized to Ybx2 transcript levels as determined by the Taqman assay ( Table 2) . We examined qPCR data normalized to endogenous genes (Gapdh and Actb; data not shown) but found the results most informative when they were normalized to Ybx2 transcript levels. While we do observe a decrease in Ybx2 transcripts relative to Actb, this is likely due to the lack of large mature oocytes in cKO ovaries and not a reduction in Ybx2 transcription within each oocyte. Figures 2 and 6 show examples of YBX2 protein localization in cKO oocytes, indicating that Ybx2 is a good measure of the total number of oocytes within each cKO ovary because it is present at normal levels. Normalization to Ybx2 allows us to assess levels of gene transcripts relative to the number of oocytes in each ovary. Error bars represent the standard deviation of relative mRNA levels for nine repeats (three ovaries in triplicate) for each class (control vs. cKO). The P values are the result of Student t-tests on Ybx2-normalized data. 
Vaginal Cytology
The protocol is an adaptation of [37] as follows. Ten microliters of sterile PBS is flushed into and quickly collected out of the vaginal opening, spread on glass slides, air dried, and fixed/stained with a Wright-Giemsa cocktail (WG32; Sigma-Aldrich). The stage of the estrus cycle is determined by the ratios of cell types observed by light microscopy. For graphical representation in Figure 3 , each stage was assigned a numerical value (diestrus ¼ 1, proestrus ¼ 2, estrus ¼ 3, metestrus ¼ 4), and the results were plotted as days versus cycle stage for each individual (graphs are stacked for clarity). Results from four control and four mutants are shown (15 control and 15 mutant animals were examined).
Circulating Hormone Analysis
Isolated serum was sent to the University of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core to measure circulating levels of FSH, LH, estrone, progesterone, testosterone, Inhibin A, and Inhibin B. The P values are the result of Student t-tests.
RESULTS
Using a Zp3-cre transgene [38] and a conditional allele of Yy1 [34] , we deleted YY1 specifically in growing oocytes of female mice. Importantly, the strategy used to produce Yy1 D/Flox ; Zp3-cre þ/À females (subsequently referred to as cKO mutant females or mutant ovaries for simplicity) allowed for sibling Yy1 D/Flox ; Zp3-cre À/À control animals (referred to hereafter as control). With this experimental design, somatic tissues (including granulosa cells) in cKO females have one deleted allele and one functional (floxed) allele of Yy1, while their oocytes will have a null genotype (two deleted alleles) as a result of cre activity.
YY1 cKO Females Are Infertile
We tested the fertility of YY1 cKO animals by setting mutant and control females individually with wild-type C57/ BL6 males. Mating pairs were set at 6 wk of age and were checked daily for newborns. Although vaginal plugs were infrequently observed during the 5-mo breeding trial, mutant females never appeared pregnant nor was there evidence of any births. To determine if YY1 cKO females undergo estrus cycles, we performed vaginal cytology [37] on mutant and control females for 22 days starting at postnatal day 56 (8 wk-11 wk old), an age at which estrus cycling should be well established. As expected, all the control animals went through four or five cycles during the 3-wk time course (Fig. 1A) . 
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While YY1 cKO females seemed to enter all the cytological phases, they did not follow the typical progression or timing of normal cycle phases. We observed no consistency in the vaginal cytology from one mutant female to the next; some individual's cellular content rarely changed while others fluctuated randomly (Fig. 1A, gray lines) . At the end of the 3-wk test period, serum was collected from individuals after cytological staging. Circulating FSH levels were extremely elevated and circulating Inhibin-A was nearly absent in cKO females regardless of staging by vaginal cytology (Fig. 1, B and C, respectively). Dissection of the ovaries revealed that cKO mutant ovaries were greatly reduced in overall size when compared to sibling littermates and no large antral follicles were morphologically evident (Fig. 2, A and B) . Ovaries from adult mutant females (11 wk and older) exhibited a consistent size reduction of approximately 30% when compared to control siblings. To visualize and count oocytes, ovaries were subjected to anti-YBX2 antibody IHC. YBX2 is present in oocytes of all stages (primordial through antral stages) and therefore serves as an excellent pan-oocyte marker to assist in accurate identification and counting of oocyte/follicle stages [39] . YBX2 localization was not altered in cKO oocytes, and no differences were observed in the presence of primordial follicles, consistent with the expected developmental timing of cre-mediated deletion of Yy1, that is, Zp3 first turns on in primary follicles, peaks in secondary follicles, and is reduced in antral follicles [40] . We therefore only expect to observe defects after degradation of . Importantly, YBX2 in these same oocytes is present at similar levels to control oocytes. Note the primary follicle with YY1 protein in cKO ovary (* in E 0 ). Because the Cre expression occurs with the onset of oocyte growth, this is likely a follicle newly recruited to the growth phase and the YY1 protein observed here represents protein that was produced prior to cre-mediated deletion of the locus. YBX2/eosin IHC demonstrates the typical progression of oocyte growth and follicle expansion in control ovaries: primordial (G), primary (H and I), secondary (J), and early antral (K). In cKO mutants however, no postsecondary follicles are observed. As expected in cKO ovaries, primordial follicles are present (L) as are many primary follicles (M-P). Some cKO have an incomplete second layer of granulosa cells (arrows in N and P) and often contain an abnormal oocyte. F) Summary of follicles present in five control and five mutant ovaries. 18 ¼ primary, 28 ¼ secondary, M ¼ multilayered, A ¼ antral. Data shown as percent of total growing follicles in each category. Follicles with irregular/partial second granulosa cell layer are scored as secondary in mutant ovaries. Error bars show the standard deviations. Images for A and B captured at same magnification on dissection microscope. Bar in E is the same for C-E. Bars in G and L are the same for H-P.
any Yy1 mRNA and protein that is present at the moment the deletion occurs.
Yy1 Is Efficiently Deleted by Zp3-cre Transgene
Consistent with other reports, we obtained efficient deletion of Yy1 in growing oocytes but not in surrounding granulosa cells or primordial oocytes, illustrating the robust and specific activity of the Zp3-cre transgene (Fig. 2, D 0 and E 0 , arrowheads). We did not observe any cKO oocytes that had transitioned to the growing phase with detectable YY1 protein larger than the one shown (Fig. 2E 0 , *). These results indicate that every growing oocyte in cKO females lack YY1 protein.
In mutant ovaries, we did not observe any multilayered, antral, or graafian follicles. We carefully staged and counted all the follicles in five control and five mutant ovaries. As expected, control ovaries contained many large maturing follicles at various stages (Fig. 2 , H-K) each with a large oocyte and well-defined distinct nucleus. Although cKO mutant and control ovaries contained similar total numbers of follicles, the percent of follicles in the primary stage (those with only one granulosa cell layer) was significantly higher in mutant animals relative to control animals (Fig. 2F) . While the majority of growing oocytes in mutant ovaries contained only a single layer of granulosa cells (as in Fig. 2 , M-P), 17% did show evidence of a secondary granulosa cell layer and were therefore counted as secondary. These follicles contained one or two small regions that appeared to have a second layer of granulosa cells (Fig. 2, N and P, arrows) and sometimes a degenerating oocyte (Fig. 2P, arrow) . Although these follicles were scored as secondary, we did not observe any cKO follicles that progressed any further. Interestingly, the cKO oocytes themselves were consistently arrested in their growth, rarely growing larger than 50 lm in diameter (as in Fig. 2 , N-P), indicating that both growth of the oocyte and follicle maturation were rapidly halted by loss of YY1. These results suggested defects in signaling between YY1 cKO oocytes and granulosa cells because it is well established that paracrine signaling within the ovary is essential for folliculogenesis. We therefore examined expression of several TGFB superfamily members by quantitative PCR and RNA ISH in mutant and control ovaries.
TGFB Superfamily Member Expression in cKO Ovaries
Bmp15 and Gdf9 are expressed specifically in wild-type oocytes during all growth stages (Fig. 3, A-D and I-L, respectively) and have been shown to act synergistically to support the expansion of surrounding granulosa cells [6, 41] . In Figure 3 , E-H and M-P, the cKO follicles that are shown for each ISH probe do not represent growth progression, but they do illustrate the variation in expression of these genes. ISH revealed that the majority of mutant oocytes had virtually no Bmp15 (Fig. 3, E-H) . Importantly, the few mutant oocytes that are Bmp15 positive were similar in size to control primary oocytes, suggesting they recently transitioned into the growth phase (Fig. 3, B vs. F) . As mentioned above, Cre-mediated deletion of Yy1 occurs precisely at the onset of oocyte growth. It is therefore likely that there is sufficient YY1 protein to initiate transcription of Bmp15, which is not maintained after deletion of Yy1. Similarly, Gdf9 transcripts were greatly reduced in cKO oocytes when compared with control oocytes 
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of similar size (Fig. 2, I -L vs. M-P). Supporting these results, Gdf9 and Bmp15 transcripts were nearly undetectable in whole cKO ovary cDNA (Fig. 3 , Q and R) relative to Ybx2 (see Materials and Methods). We also examined expression of Bmp6, Kit, and Kit-ligand (Kitl) by qPCR in whole ovary cDNA and observed increased expression of each of these genes in whole cKO ovary cDNA (Fig. 3, S-U) .
In both control and cKO ovaries, Inhibin-a (Inha) was expressed in granulosa cells of both growing and degenerating follicles (Fig. 4, A-H) . Inhibin-bB (Inhbb) was predominantly expressed in postsecondary granulosa cells of control ovaries, which were not present in cKO mutant; this finding was supported by the absence of detectable Inhbb mRNA (ISH data not shown; qPCR data shown in Fig. 4S ). In contrast, we observed a marked increase in the number of Inhibin-bA (Inhba) positive cells in mutant ovaries (Fig. 4, I -L vs. M-P). These Inhba-positive cells appear in many small structures throughout the mutant ovary that contain no oocyte (Fig. 4 , N-P), suggesting they were follicles in which the oocyte had degraded and were undergoing luteinization. RT-qPCR analyses of each of these genes confirmed the ISH data: Inhbb mRNA levels were nearly absent in mutant ovaries, Inha was not significantly different, but Inhba was significantly elevated (Fig. 4, Q-S) . Also consistent with a lack of postsecondary follicles, expression of follistatin (Fst) was nearly absent in cKO ovaries (Fig. 4T) . Given the increased levels of circulating FSH in mutant females, we also examined levels of FSHreceptor (Fshr) in control and mutant ovaries and found a reduction of Fshr consistent with the greatly reduced numbers of granulosa cells that were present in cKO ovaries (Fig. 4U) .
YY1 Regulates Oocyte-Specific Transcription Factor Networks
Both activating and repressing functions have been ascribed to YY1. To assess transcriptional changes due to a loss of YY1, we examined expression levels of a panel of oocyte-specific genes by RT-PCR and RT-qPCR. We selected genes that are known to be required for oocyte growth and function and/or granulosa cell expansion whose misexpression may contribute to the phenotype we observe. When compared to Ybx2 levels, some oocyte-specific transcripts-Nlrp5, Nobox, Zp1, Zp2, and Zp3-showed no alteration in cKO mutants, while several other genes with nuclear functions-Figla, H1foo, Pou5f1, and Zar1-were greatly reduced (Fig. 5) . Recent reports have shown that YY1 interacts with the POU5F1/SOX2 pluripotency complex indirectly through CTCF [42, 43] . We examined both mRNA and protein levels of Pou5f1 in YY1 cKO oocytes. Relative to Ybx2 mRNA, we observed a highly significant reduction in Pou5f1 transcripts (Fig. 5E) . Consistent with the reduction of mRNA, we observed dramatic loss of POU5F1 protein in mutant oocytes (Fig. 6, B 0 and C 0 , arrows).
DISCUSSION
The majority of cKO follicles remain with only a single layer of granulosa cells despite evident growth of the oocyte and expression of genes that normally stimulate proliferation (FSH and activins). The primary granulosa cell layer forms parallel with Cre activity, and so there is sufficient YY1 function remaining through the transition into the growth phase. Once YY1 function is lost, Gdf9 and Bmp15 expression are lost (or never begin), and mutant oocytes stop sending   FIG. 4 . Expression of inhibin/activin in cKO mutants. Gene expression analysis by ISH (A-P) and qPCR (Q-U) are shown in control (cntl) and cKO ovaries. Inha mRNA levels are not altered in mutant ovaries (Q) and are appropriately expressed in cKO granulosa cells (E-H). Inhba is not expressed in primary (I) or secondary (J) follicles and is restricted to granulosa cells in antral follicles (K) and atretic follicles (L). In cKO ovaries, many small oocyteless structures are Inhba positive (M-P), and overexpression is evident by qPCR (R). Very little expression of Inhbb is observed in cKO ovaries by qPCR (S) as predicted by the lack of postsecondary follicles. Similarly, reduced Fst and Fshr levels were observed (T and U, respectively), consistent with the absence of postsecondary follicles in cKO ovaries. qPCR results are normalized to Ybx2. Mean values from nine qPCR reactions are shown (triplicates from three individual ovaries). Error bars show the standard deviations; P values are from Student t-test (ns ¼ not significant).
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proliferative signals to granulosa cells, resulting in follicular arrest at the primary stage. However, other mechanisms that normally regulate oocyte growth and follicle expansion remain intact: the increased FSH likely up-regulates Kitl expression, which in turn increases Kit in the oocyte. The appropriate Kit response within the cKO oocyte that we observe indicates that certain pathways of granulosa cell-oocyte signaling remain intact without YY1. The absence of Gdf9, which normally inhibits Kitl, may also further amplify the increase in Kit expression. These findings implicate YY1 in the activation of Bmp15 and Gdf9 and suggest a mechanism that underpins the observed follicular maturation phenotype.
In wild-type follicles, Inhba is expressed only in granulosa cells of postsecondary follicles (Fig. 4 , K-L) and atretic follicles. Importantly, although we observe increased expression levels in whole ovary samples, Inhba is not expressed in the wrong cell types in cKO ovaries. There are however many more prematurely luteinized follicles present that appropriately express Inhba (Fig. 4, N-P) . These numerous Inhba-positive structures are likely the remnants of follicles in which mutant oocytes have stopped growing, probably those that are observed to have irregular/degenerating oocytes (Fig. 2P,  arrow) . Importantly, these same oocyteless structures do not express Inha, supporting the observed lack of inhibin. Furthermore, the granulosa cells surrounding cKO oocytes do not overexpress Inhba, but overall there is a significant increase in Inhba-positive cells and mRNA levels within cKO ovaries.
The appropriate cell type expression of Inhba, Inhbb, and Inha suggest that activin/inhibin function are not altered in cKO ovaries and that the increased Kit and Kitl expression are likely due to the loss of Bmp15, which normally represses Kit (Fig. 7) . In the absence of signals from mature follicles that mitigate the action of activin and FSH (such as FST and inhibin), hormone cycles do not occur in YY1 cKO females. These results also strengthen a Gdf9-deficient mouse model and support the loss of oocyte-specific TGFB signaling as the 
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underlying cause of the observed phenotype. Furthermore, the arrest of cKO oocytes suggests that in the absence of YY1, the oocyte is not competent to respond to growth cues from granulosa cells even though that signal is communicated to the oocyte nucleus (as evidenced by increased Kitl).
Regulation of Oocyte-Specific Genes by YY1
The loss of expression of Dnmt1 (Fig. 5I) is of particular interest in that one report shows loss of DNA methylation when YY1 is knocked down by transgenic RNAi in oocytes [44] . In this Zp3-cre-driven Yy1 cKO model, we do not observe changes to global DNA methylation levels when control and mutant ovary sections were assessed by immunofluorescence with an anti-5-methylcytosine antibody (data not shown). Dnmt1 has not been implicated in oocyte growth, and it is therefore likely not contributing to the YY1 cKO phenotype. However, our results do confirm regulation of Dnmt1 expression by YY1 in vivo and offer a possible explanation for the reported loss of DNA methylation in mature oocytes with reduced YY1 function [44] .
Nobox has been shown to directly bind to and regulate Gdf9 and Pou5f1 [45] , and Nobox-deficient oocytes lose expression of Pou5f1, Fgf8, Zar1, Dnmt1, Figla, Gdf9, and Bmp15 [46] , each of which is reduced in YY1 cKO mutants. Strengthening the overlap with Nobox mutants, we also observe little to no change in Nlrp5 (Fig. 5I) or YBX2 levels. The loss of Figla and H1foo may contribute to the failure of follicle expansion as these genes have been implicated in primordial follicle survival and recruitment into the growing phase [47, 48] . Given the similarities with Nobox-deficient oocytes, it is attractive to speculate that YY1 acts through Nobox to regulate each of these loci (Fig. 7) . However, we do not observe a significant reduction of Nobox mRNA in cKO ovaries (Fig. 5D) , raising the possibility that YY1 interacts with NOBOX protein to help specify target loci rather than transcriptionally activating the Nobox locus. At odds with this possibility is the fact that Lhx8 
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transcripts are reduced in YY1 cKO oocytes. Lhx8 is upstream of Nobox, so we might expect loss of Nobox mRNA with reduction of functional Lhx8. While it is possible that YY1 function is required at each of these genes to act as an activator of transcription, it is equally likely that YY1 acts upstream or in concert with Nobox (and/or other activators) that in turn is required for transcriptional activation of target genes. With this in mind, we also examined expression of Sohlh1 and Sohlh2, transcription factors that have each been shown to regulate many of the same oocyte-specific transcripts that are altered in YY1 mutant oocytes [49, 50] . In YY1 cKO oocytes, we observe a marked increase in Sohlh1 (Fig. 5G ) but no alteration of Sohlh2 levels (Fig. 5H) , indicating that YY1 normally represses Sohlh1 and has no effect on Sohlh2. The overexpression of Sohlh1 should ameliorate the reduction of Lhx8 and Pou5f1 in YY1 cKO oocytes, suggesting that transcriptional activation by Sohlh1 is dependent upon YY1. Appropriate Pou5f1 expression has been implicated in oocyte growth, quality, and embryo potency [51, 52] . The reduction of both mRNA and protein levels that we observe can be interpreted in multiple ways. YY1 may normally be required for stability of the POU5F1/SOX2 complex such that in cKO oocytes the protein complex is not stable, with subsequent reduction in transcripts due to a lack of transcriptional autoregulation that normally occurs [53] . Alternatively, YY1 may bind to the Pou5f1 locus independent of the POU5F1/SOX2 complex to activate transcription. While further experiments are required to determine transcriptional versus posttranslational regulation of Pou5f1 by YY1, our data clearly indicate that YY1 is required in the oocyte to support appropriate POU5F1 function. These results suggest that YY1 is involved in a complex transcription factor network in the oocyte, regulating the transcriptional activity of many loci as well as mediating functional protein-DNA interactions (Fig. 7) . Exploration of YY1's interactions at these loci and the proteins they encode may help explain the diversity and specificity of YY1 function.
Here we have presented the reproductive, biological, and molecular phenotypes resulting from an oocyte-specific deletion of YY1. Our results indicate that YY1 function in the oocyte is critically required for oocyte growth and granulosa cell expansion. The stalled progression of follicle growth and changes in gene expression that we observe (both in the oocyte and granulosa cells) have similarities to several reported phenotypes (reviewed in [54] ). Our results clearly show that YY1 acts upstream of both Bmp15 and Gdf9 transcription, but they raise questions regarding the nature of YY1's regulation of these key factors. Does YY1 directly bind to these loci? Does YY1 recruit other transcriptional activating complexes (such as POU5F1 or NOBOX) to these loci through protein-protein interactions? With the use of these identified transcriptional targets, it may now be possible to elucidate the transcriptional network during folliculogenesis that requires YY1. Although YY1 has been shown to interact with transcriptional machinery, it is clear from our data that loss of YY1 in the oocyte does not result in global transcription loss as we observe several genes that are expressed normally in cKO oocytes (e.g., Ybx2 and Sohlh2), and others that are overexpressed (Bmp6, Kit, and Sohlh1). How this specificity occurs remains to be determined; a cursory analysis of YY1 consensus sequences in the promoters of these loci shows no correlation between genes with altered expression in cKO oocytes (i.e., Gdf9, Bmp15, and Sohlh1) and those whose expression is unchanged (Ybx2 and Sohlh2). This study places YY1 in the complex networks controlling oocyte growth, follicle expansion, and intraovarian communication.
